Materials and Methods
Proteins. Recombinant wild-type yeast TBP (13) , the C-terminal 180-residue fragment of yeast TBP (TBP180) (14) , GST-GAL4 AAD (fusion of the Gal4 activation domain (residues 841-875) to Glutathione-S-transferase)(GST) (6) , and Gal4p(1-93)+(768-881) (15) were purified from over-expressing Eschericia coli strains as described.
For the determination of the stoichiometry of the Gal4 AD-TBP complex, a derivative of GST-GAL4 AAD that also included a C-terminal His 6 tag was constructed, expressed, and purified. This was done to obtain very pure full-length protein by double affinity purification over sequential glutathione-sepharose and nickel-saturated chelating-sepharose columns. This protocol eliminated proteolysis products completely, which otherwise constituted a significant portion of the preparation. The expression plasmid was constructed as follows. The activation domain of Gal4p was PCR-amplified using the following primers: 5'-CCG GGA TCC TTA GTA GTG GTG ATG GTG ATG GTG CGA TCC TCT CAT GGT ATC TTC ATC ATC GAA TAG-3' and 5'-GGT TGG ACG CCA TGG ACG ACC AAA CTG CGT ATA ACG CG-3' and pGEXcs34 (16) as the template. The PCR product was digested with NcoI and BamHI and cloned into the plasmid pGEXcs digested with NcoI and BamHI. This provided the expression plasmid pGEXcs34(AD)-His 6 .
To purify GST-GAL4 AAD-His 6 , the plasmid pGEXcs34(AD)-His 6 was transformed into the E. coli strain BL21(DE3)pLysS. The fresh transformant was grown overnight at 37°C in 10 ml of Luria broth containing ampicillin and chloramphenicol (75 mg and 25 mg per liter, 4 by guest on July 17, 2017 http://www.jbc.org/ Downloaded from respectively) and then transferred to 1 liter of Luria broth containing ampicillin and chloramphenicol and grown to an OD 600 of 0.5. Expression was induced by adding IPTG (isopropyl-1-thio-β-D-galactopyranoside) to a final concentration of 1 mM. The culture was grown at 37°C for another two hours, after which the cells were collected by low speed centrifugation and re-suspended in 1X PBS (20 mM sodium phosphate, 150 mM NaCl, pH 7.3) in the presence of protease inhibitors phenylmethylsulonyl fluoride, pepstatin A and leupeptin (final concentration of 1 mM, 1 mg/liter, and 1 mg/liter, respectively). Cells were lysed by sonication and centrifuged at 16,000 X g for 45 minutes. The cleared lysate was loaded on glutathione-Sepharose (Pharmacia) pre-equilibrated with 1X PBS and washed with PBS and eluted with 30 mM glutathione. The eluate was diluted 10-fold with 1X binding buffer, and further purified on chelating-Sepharose (Pharmacia).
The concentrations of the GST-GAL4 AAD-His 6 and TBP180 stocks employed in the experiment to determine the stoichiometry of the complex (see below) were determined using amino acid analysis (performed on an ABI 420 Amino Acid Analyzer).
Determination of the GST-Gal4 AAD-His 6 /TBP stoichiometry. GST-Gal4 AAD-His 6 (1 µM) was mixed with glutathione-Sepharose beads and the indicated amount of TBP180 (see Fig. 1 ) was added in a total volume of 400 µl in 1X HBS buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 15% glycerol). After incubation on a rotator at 4°C for 30 minutes, the beads were washed three times with 1X HBS (with 300 mM NaCl) containing 0.1% Triton X-100, followed by washing once with 1X HBS (300 mM NaCl) without detergent. The beads were re-suspended in SDS-PAGE loading buffer, heated at 95°C for 3 minutes, and loaded onto the SDS-5 by guest on July 17, 2017 http://www.jbc.org/ Downloaded from polyacrylamide gel. TBP180 and GST-GAL4 AAD-His 6 standards of known concentration were run on the same gel. The intensities of these bands were analyzed by video densitometry.
Fluorescence polarization assays. A 14-mer double-stranded oligonucleotide containing a consensus TATA box (5'-GCT ATA AAA GGG CA-3') was 5' labeled with fluorescein. 10 nM TBP, the indicated amount of GST-GAL4 AAD or GST (see Fig. 2 ) and 5 nM of the labeled TATA DNA were mixed in 500 µl of buffer (20 mM Tris-acetate, pH 7.4, 4 mM Mg-acetate, 1 mM DTT, 0.1 mM EDTA, 5% glycerol, 150 mM potassium glutamate, and 100 µg/ml BSA) and the solution was allowed to come to equilibrium by incubating at room temperature for 45 minutes. The sample was then placed into the cavity of a fluorescence spectrometer equipped to measure anisotropy (Panvera Beacon 2000) and the polarization of the emitted light was recorded.
Filter binding assays. 20 nM TBP and 50 nM 32 P-labeled TATA-containing DNA (doublestranded oligonucleotides containing a consensus sequence (5'-GCT ATA AAA GGG CA-3')), or a "T6-substituted" sequence (5'-GCT ATA ATA GGG CA-3') were mixed in 50 µl of reaction buffer (20 mM Tris-acetate, pH 7.4, 4 mM Mg-acetate, 1 mM DTT, 0.1 mM EDTA, 5% glycerol, 75 mM potassium glutamate, and 100 µg/ml BSA) at room temperature. The GST-GAL4 AAD concentration was 2 µM if present. After the desired time of incubation, 140 µl of competitor solution (containing 1 µM TATA DNA (5'-GCT ATA AAA GGG CA-3') and 200 µg/ml sonicated salmon sperm DNA) was added to the reactions. This served to remove any TBP nonspecifically bound to the labeled DNA. The reaction mixtures were then loaded onto a nitrocellulose membrane (BA85, S&S) in a BioDot apparatus (BioRad). All wells were washed with 500 µl of reaction buffer. The dried membrane was scanned with a phosphorimager The beads were collected by centrifugation and washed with GTD buffer three times. The beads were then re-suspended in SDS-PAGE loading buffer, heated at 95°C for 10 minutes, and loaded onto a SDS-polyacrylamide gel. The amount of TBP was compared by western blot.
Protein cross-linking. Chemical cross-linking experiments were carried out as described (17) .
The concentrations of GST-Gal4 AAD, GST, and TBP used in this experiment were 1.3 µM, 1.3 µM, and 0.16 µM, respectively.
Determination of the association rate of the GST-Gal4 AAD-TBP complex. TBP180 (0.3 µM) was added to a solution containing GST-Gal4 AAD (1 µM) immobilized on glutathione beads in a final volume of 400 µl in 1x HBS buffer (see above). After various time increments (0, 3, 10, 15, 20, and 30 minutes of incubation on a rotor at 4 o C) aliquots were removed, the beads were pelleted by centrifugation, and the supernatant was discarded. As described for the stoichiometry experiment, the beads were washed three times with 1X HBS buffer (300 mM NaCl) containing 0.1% Triton X-100 and then a final time with 1X HBS buffer that did not contain detergent. The resulting beads were then re-suspended in 1X SDS-PAGE sample buffer and heated at 95 o C for ten minutes. The degree of complex association as a function of time was assessed by separating the resulting protein mixtures with SDS page and then quantifying the appropriate bands with densitometry. As described under the stoichiometry experimental section, standards of known concentration of both GST-Gal4 AAD and TBP180 were also run on the gel to standardize the intensities of the bands for the pull down lanes. An additional control lane represents a GST pull down experiment (instead of GST-Gal4 AAD) to demonstrate that the binding of TBP is specific for the activation domain.
Determination of Gal4p(1-93)+(768-881) -TBP disassociation rate by a fluorescence polarization assay. Reaction mixture containing 40 nM Gal4p(1-93)+(768-881), 10 nM F-UAS21, and 720 nM TBP in GD buffer was incubated at room temperature for 60 minutes to allow triple complex formation. GST-Gal4 AAD was then added to a final concentration of 10 µM and the sample was immediately placed into the fluorescence polarization analyzer and the polarization value was recorded at 30 second intervals for 18 minutes.
Results and Discussion
The Gal4 AD and TBP form a complex of 2:1 stoichiometry. Gal4p binds to DNA as a dimer (18) and we have previously shown that a single Gal4p dimer bound stably to a promoter can maximally activate transcription in vivo (19) . Thus, two AADs are sufficient to satisfy whatever requirement there is for activated transcription in yeast, at least for the GAL genes.
This raises the interesting question of whether each of the two AADs in the dimer contact the same or different factors at any particular stage of the transcription cycle. Specifically, for the purposes of this study, when Gal4p binds TBP, are both AADs occupied in this interaction, or is one free to bind a different transcription factor?
To determine the stoichiometry of the Gal4 AAD-TBP complex, a protein comprised of Glutathione-S-Transferase (GST)-fused to the 34 residue core region (residues 841-875) of the Gal4 AAD (GST-Gal4 AAD) and also including a C-terminal six histidine tag was titrated with the conserved carboxyl 180 residue fragment of yeast TBP (TBP180) (14) . Each protein was purified to apparent homogeneity and their concentrations were determined accurately by amino acid analysis. The experiment employed GST-Gal4 AAD at a concentration of 10 -6 M to ensure stoichiometric binding (the reported K D of this complex is approximately 10 -7 M (6,7)).
As shown in Fig. 1 , binding of TBP180 to GST-Gal4 AAD saturated cleanly at a molar ratio of two GST-Gal4 AAD molecules for each TBP180. Addition of more than 0.5 equivalents did not increase the amount of TBP180 retained by the AAD, even at these high protein concentrations. Similar results were obtained with full-length TBP (data not shown).
While this experiment was conducted with an artificial AAD-containing fusion protein, it seems likely that GST-Gal4 AAD is a reasonable model for how the AAD is presented to TBP normally, since both GST and Gal4p are native dimers. This 2:1 stoichiometry argues that if DNA-bound Gal4p binds to TBP in vivo, both AADs are involved in the association.
It is important to point out that these data cannot distinguish between a 2:1 and a 4:2 complex since both would have a 2:1 ratio of proteins. Since TBP can form a stable homodimer (20) , the 4:2 species must be considered. Unfortunately efforts to resolve this issue using analytical ultracentrifugation or gel filtration, which require the complex to remain intact for long periods of time, failed to provide clear-cut results (data not shown). However, on the basis of cross-linking and other data presented below, it seems likely that the complex has only one molecule of TBP in it.
The Gal4 AAD and DNA bind to TBP competitively. A common model for how an activator might stimulate TBP function is that it enhances TBP-TATA binding, for example through cooperative binding to the promoter. The effect of the Gal4 AAD on TBP-TATA interactions has not been investigated previously, so it is unclear if the Gal4 AAD-TBP complex has properties consistent with this kind of model. Indeed, previous mutagenesis studies (6, 21) To probe this point, a fluorescein-labeled oligonucleotide containing a consensus TATA sequence was mixed with TBP and increasing amounts of GST-Gal4 AAD (or GST as a control). TBP-DNA binding was monitored by fluorescence polarization (22) . When the free fluorescein-labeled DNA is excited with polarized light, little of the emitted light retains the original polarization due to relatively rapid tumbling in solution. However, binding of the much larger TBP molecule reduces the tumbling rate of the DNA and results in a large increase in polarization of the emitted light. Thus, if the Gal4 AAD competes with DNA for limiting TBP, then the polarization would be expected to decrease as the AAD concentration increases. As shown in Fig. 2A , this is exactly the result observed. A semi-log plot of the degree of polarization plotted against the GST-Gal4 AAD concentration is linear, consistent with a simple competition between GST-Gal4 AAD and the labeled DNA (Fig. 2B) . However, no effect was observed when the TBP-TATA complex was challenged with GST alone (Fig. 2A) . This experiment demonstrates that the Gal4 AAD and TATA-containing DNAs compete for TBP.
Combined with the mutagenesis data (21) , this argues that the AAD and DNA both bind to the convex underside of the TBP "saddle" (23) , though we cannot absolutely rule out an allosteric competition model. Fig. 3 shows an experiment that corroborates the conclusion that the Gal4 AAD and DNA bind TBP competitively. In this case, TBP was preincubated with GST-Gal4 AAD (or GST as a control) to allow for complex formation, then a radiolabeled TATA-containing oligonucleotide was added and the rate of TBP-DNA complex formation was measured by nitrocellulose filter state, the magnitude of changes in the polarization value become very small as the mass of the molecule approaches about 100 kD and the mass of the Gal4 derivative-DNA complex is already 60 kD. In any case, the data presented were highly reproducible and careful measurements do allow this technique to be employed in the 60-100 kD molecular mass range.
In contrast to adding TBP alone to the Gal4 derivative-DNA complex, if the TBP was first saturated with a TATA box-containing oligonucleotide prior to addition to the Gal4 derivative-UAS complex, no such increase was detected (Fig. 4) . This indicates that TBP-Gal4p These experiments utilized purified, recombinant TBP. A concern is that the results might not reflect the properties of TBP in its native environment, where it is associated with other transcription factors such as TBP-associated factors (TAFs) (24, 25) . To address this point, the effect of TATA-containing DNA on the ability of GST-Gal4 AAD to bind purified TBP was compared with its effect on TBP binding out of a whole cell extract. A pull-down experiment was employed in which the GST-Gal4 AAD was immobilized on glutathioneSepharose beads. As shown in Fig. 5 , bead-bound GST-Gal4 AAD retained TBP from an extract, consistent with previous findings. But this binding was almost completely abrogated when a TATA-containing oligonucleotide (approximately equal in concentration to the AAD) was added to the extract prior to exposure to the bead -bound AAD. The result was similar to that obtained using purified, recombinant TBP (Fig. 5) . These data indicate that the binding experiments using purified proteins are representative of Gal4 AAD-TBP interactions when the latter can associate with other proteins.
Kinetics of Gal4 AAD-TBP association and dissociation. It was also of interest to examine the kinetics of the formation and the dissociation of the Gal4 AAD-TBP complex. To determine the association rate, GST-Gal4 AAD and TBP180 were incubated together for various time intervals and then the complexes were pulled down using glutathione-agarose beads. The concentrations of GST-Gal4 AAD (1µM) and TBP180 (0.3 µM) were above the reported K D of the complex (2 x 10 -7 M) to encourage complex formation. As depicted in Figure 6 , the amount of TBP pulled down by the GST-Gal4 AAD increased slowly with time, reaching half-saturation in about 10-11 minutes. GST lacking an AAD fusion did not bind detectable amounts of TBP even after 30 minutes (data not shown).
A potential complication with this experiment is that the TBP must associate with a bead-bound AAD and this heterogeneous aspect of the reaction might result in kinetics that do not reflect the true solution phase association rate of the proteins. Therefore, a chemical crosslinking experiment was used to monitor association of GST-Gal4 AAD and TBP in solution.
We employed chemistry developed recently in our laboratory in which a water-soluble Ru(II) complex, tris(2,2'-bipyridyl)ruthenium(II) chloride hexahydrate, is activated by photolysis with visible light in the presence of ammonium persulfate (26) . The resultant Ru(III) complex mediates very rapid and efficient cross-linking of closely associated proteins. In many cases, good yields of cross-linked products can be obtained in one second or less, making this technique useful for monitoring association reactions that occur over several seconds or minutes.
GST-Gal4 AAD (1.3 µM) and TBP (0.16 µM) were mixed together in a buffer containing the Ru(II) complex and ammonium persulfate (APS) at time zero. At the times indicated in Fig. 7 , the sample was irradiated for 0.5 seconds, then quenched immediately by the addition of a reducing buffer. The degree of GST-Gal4 AAD-TBP cross-linking was analyzed by SDS-PAGE and Western blotting using an antibody raised against TBP. An identical experiment was done using GST (1.3 µM) in place of GST-Gal4 AAD as a control. As shown on the left side of Fig.7 , cross-linking in the presence of GST lacking an AAD produced only two TBP-containing bands, the monomer and the homodimer. No spurious bands due to GST-TBP cross-linking were observed. The production of TBP homodimers was expected since this protein has previously been reported to dimerize (20) . When GST-Gal4 AAD was mixed with TBP, there was a reduction of the TBP dimer band and at least two new bands of higher molecular mass were produced at early times (Fig. 7, right side) . One had the mobility expected of the (GSTGal4 AAD) 2 -TBP cross-linked complex and the other was of higher apparent molecular mass.
The latter species gradually disappeared over the course of the experiment and the band representing the two GST-Gal4 AAD molecules and one TBP molecule cross-linked together intensified. Finally, a less intense band corresponding to a GST-Gal4 AAD-TBP cross-link also appeared and intensified over the course of this experiment. The latter species presumably results from incomplete cross-linking of the (GST-Gal4 AAD) 2 -TBP complex. Finally, at later times, only bands resulting from a complex containing two molecules of GST-Gal4 AAD and one molecule of TBP are detectable by cross-linking. This suggests that the GST-Gal4 AAD-TBP complex indeed has a 2:1, rather than 4:2, stoichiometry, though we cannot absolutely rule out the latter based on cross-linking data alone.
The pull-down and cross-linking experiments were done under similar conditions except that the latter employed a lower TBP concentration (0.16 µM vs. 0.3 µM). While both reveal a modest rate of association between the Gal4 AAD and TBP, it is interesting that the crosslinking bands assigned to the AAD 2 -TBP complex seem to appear with a rate faster than that observed in the pull-down experiment, which employed a higher TBP concentration. This could be due to the differences between heterogeneous and homogeneous reaction conditions. Alternatively, this apparently counter-intuitive result could be explained by the well-known phenomenon of TBP dimerization. It is the dissociation of these dimers that limits the association of TBP with DNA (27, 28) . Since the Gal4 AAD and DNA appear to bind similar surfaces of TBP, we speculate that AAD-TBP association is also limited by TBP dimer dissociation. There may be more monomeric TBP present at the lower concentration employed in the cross-linking reaction. Invoking the TBP dimer as the initial form of the protein in this experiment also provides a possible rationalization for the high molecular mass product formed initially in the cross-linking reaction. This might be ascribed to a weaker, transient association of the GST-AAD dimer with the TBP homodimer, though we cannot assign this species in an unequivocal fashion. It can be detected by the highly efficient Ru-mediated cross-linking reaction, but not by pull-down experiments in which the pellet is washed several times. In summary, if one considers the complications of the TBP homodimer, it is difficult to say what the association rate of TBP with the Gal4 AAD really is, since the value obtained will be highly condition-dependent. This makes it is difficult to say how well any number measured would reflect the in vivo situation when an unknown fraction of the TBP exists in dimeric form.
To measure the kinetics of dissociation of the Gal4 AAD-TBP complex, a complex was (Fig. 8A) reveal that the TBP-Gal4p complex has a half-life of four minutes under these conditions (k diss. = 3.2 x 10 -3 sec -1 ). The Gal4 derivative-DNA complex was very stable over the life of the experiment (Fig. 8B) and therefore, all of the drop in polarization observed in Fig. 8A can be ascribed to TBP dissociation from the Gal4 derivative-DNA complex.
Implications for the role of Gal4 AAD-TBP contacts in vivo.
The experiments described here demonstrate that the Gal4 AAD and TBP form a well-defined complex of 2:1 stoichiometry that is relatively slow to form and has a half-life of approximately four minutes. If the Gal4 AAD binds monomeric TBP, as the data suggest, then the slow association rate probably reflects, at least in part, the relatively slow dissociation rate of TBP dimers. The most striking result obtained in this study is that the Gal4 AAD and DNA compete for binding to TBP. This finding is consistent with earlier studies which demonstrated that mutations that alter binding of the AAD to TBP are located on the DNA binding surface of the basal factor (6, 21) . We note that the AAD of the herpes simplex virus VP16 has also been shown to recognize the DNA-binding surface of TBP (29) . This finding is apparently at odds with a common model for activatorstimulated TBP function, which is that the activator and TBP bind cooperatively to promoters.
Indeed, recent studies in our laboratory have demonstrated that the Gal4 activator and TBP do not bind DNA cooperatively in vitro or in vivo (Y.X., L. Sun and T.K., submitted). This is not to say that the Gal4 activator might not stimulate TBP function in some other fashion. However, mechanistic models will have to take into account this observation that DNA and the Gal4 AAD cannot co-occupy TBP.
The impact of the kinetic measurements reported here is harder to judge. It is known that the GAL genes respond rapidly upon induction in yeast, so if the Gal4 protein does somehow stimulate TBP binding, this must be a relatively fast process. We observe relatively slow association and dissociation kinetics of the complex, which would seem to be at odds with rapid induction of transcription. However, there remains the possibility that the kinetics of binding of the intact Gal4p to TBP in vivo might differ quantitatively from those observed in our in vitro experiments, since one suspects that TBP dimerization plays a major role in the association rate at least. It is also possible that the dissociation rate could vary significantly in vivo from the value measured in vitro. However, this value should be relatively unaffected by TBP dimerization. Furthermore, a very large AD-containing C-terminal fragment was employed in the off rate experiment (Fig. 8) , making it less likely that a complex containing intact Gal4p would exhibit substantially different kinetics.. Nonetheless, it remains possible that a putative complex between TBP and the native Gal4 protein associates and dissociates rapidly enough to play a kinetic role in the formation of a transcription complex, for example by competing an inhibitor from TBP, then "handing off" TBP to the DNA (30) .
Alternatively, the possibility must be considered that the Gal4 AAD-TBP association may not be biologically relevant. While it has been shown here that the proteins do form a well- 
